A method is described for the determination of short radioactive and nuclear life periods. It consists in varying the length of the electrical impulses produced in a coincidence arrangement of two Geiger-Miiller counters. The method can be used for the measurement of life periods in the range 10~7 to 10-1 sec. The half-life period of radium C' has been measured in this way and found to be l-45(± 0-05) x 10~4 sec. Experimental evidence has been obtained for the absence of y-rays in the transition radium C' ->radium D, and some conclusions regarding the lifetimes of excitation states of radium C' have been drawn. The determination of the intensity of weak sources and of the efficiency of Geiger counters for various types of radiation is described. The effect of a time lag in Geiger counters on the measurement of coincidences is discussed.
Introduction
In recent years the Rossi coincidence set of two Geiger-Miiller counters has been developed into an important instrument for investigations in nuclear physics. This method is based on the assumption th at two particles simultaneously emitted from the source, each of which operates one counter, are recorded by the set as a coincidence. I t is, however, obvious that the recording of coincidences is defined not only by the ' simultaneous ' occurrence of two nuclear phenomena but rather by the ability of the circuit to select phenomena occurring in very short time intervals, i.e. by its resolving power. Two phenomena which occur in a time say 10~5 sec., one after the other, will be recorded as simultaneous by a coincidence set with a resolving time larger than 10~5 sec., while a circuit with a smaller resolving time will not record the 'coincidence'. The steady improvement in technique during recent years has resulted in the building of arrangements with very short resolving times, which, apart from other benefits, bring us nearer to the original idea of investigating true simultaneous phenomena or those which occur in extremely short time intervals (of the order of 10~12 sec.). On the other hand, the aforementioned dependence of the recording of coincidences on the resolving time suggests a new application of the coincidence m ethod: by a deliberate variation of the resolving time, the time interval between two nuclear phenomena can be determined. Since the resolving time can be measured to a high degree of accuracy, this arrangement provides a valuable method of measuring radioactive or nuclear life periods which are so short th at they cannot be measured by other methods. An application of this method to the measurement of the lifetime of radium C' was published by the author (1939) and at the same time by Dunworth (1939) , who measured also the lifetime of thorium C'. In the present paper the method is described in more detail.
E xperimental arrangement and results
Variation of resolving time and calibration of circuit. The use of the coincidence method for measurements of short time intervals requires an arrangement which permits the resolving time of the circuit to be varied conveniently within broad limits. There are many possibilities of varying the coincidence resolving time. A variation of the common anode re sistance of the Rossi valves, R A, or of the 'discriminator bia the grid bias at the mixer stage, figure 1), or of the electrical time constant of the mixer valve (CMB M) will affect the minimum time interval between the impulses in the two counters during which these are still recorded as a coincidence. These methods produce a change of the resolving time of the circuit as a whole. Another arrangement consists of the variation of the electrical time constants of the Rossi valves (C1B 1 and this can be done independently on either of the two valves. This method of variation of the duration of only one of the impulses produced by the entering of particles into the Geiger counters has some advantages which make it preferable to the others. The rate of chance coincidences, which inevitably accompany all coincidence measurements, is proportional to the sum of the length of the electrical pulses on both Rossi valves. By keeping the length of one impulse constant and very small and varying only the length of the other impulse, the rate of chance coincidences is then reduced; this reduction amounts to nearly half, in the case of long resolving times, where the chance coincidences represent the dominating factor. If, as happens in most cases, the two particles which produce the coincidence can be distinguished, either because they are of different types or because of their different penetrating power, the method of changing the duration of only one impulse will also enable one to decide the order in which the particles are emitted. In the present work, the variation of the resolving time was accomplished by changing the grid resistance (R1 or figure 1) in either of the two Rossi valves; this was found to be much more con venient than the variation of the capacities (C) which were consequently kept constant. The determination of the length of the impulse for each value of the grid resistance was performed by means of counting chance coincidences. Two Geiger-Muller counters placed at a great distance one from the other, in order to exclude cosmic ray coincidences, were irradiated by two separate constant sources. Thus the recorded coincidences were only from uncorrelated particles. The resolving time of the circuit was then determined from the formula , x Ce = ^2(ti + t2), (1) where Nv N2 are the rates of countings in each counter, Cc the coincide rate and rl5 r2 the length of the impulses on each Rossi valve. By choosing appropriate valves, the circuit was made completely symmetrical, as proved by the recording of identical coincidence rates when the resistances in both valves were interchanged. The validity of formula (1) and the symmetry of the circuit was checked many times by changing the values of Nx and N2, and by alternative variation of the resistances in each circu After a proper adjustment of the other component values* it was found that the resolving time changes considerably when the resistances vary between 10,000 ohms and 10 megohms. Figure 2 represents the calibration curve; this means the length of the impulse (on each Rossi valve) as a function, of the grid resistance. Since both the resistance and resolving time vary by orders of magnitude, the ordinates and abscissae are both in a logarithmic scale. In the range of resistances 20,000 4 M12 the calibra tion curve is linear and the relation between the length of impulse and resistance can be expressed by the formula r = 2-5 x 10-4R091,
where I? is in megohms and r in seconds. As seen from the curve, under the working conditions, the resolving time can be varied between 6 x 10-6-10-3 sec. This interval can be, if desired, shifted in either direction, by some changes in the values of other components.
Determination of life period of radium C' from oc-jS coincidences. The first application of the method was the determination of the life period of radium C \ In this case, the emission of a /?-ray from radium C is followed in a short time, which is on the average equal to the mean lifetime of radium C', by the emission of an a-particle. Since the a-particles can be very easily distinguished from the /?-particles and the efficiency of GeigerMiiller counters for both kinds of particles is relatively large, this process represents a most convenient case for testing the method.
In order to improve still further the working conditions, one of the counters-used for the detection of a-particles-was operated in the proportional region, where it is sensitive only to a-particles. The advantage of working in the proportional region is twofold: first, because by using a counter insensitive to ff-and y-rays the rate of counts and hence the rate of chance coincidences is considerably reduced, which is of great importance, particularly in experiments with a long resolving time when chance coincidences usually predominate; secondly, because of the complete exclusion of cosmic ray coincidences, which is of importance at very short resolving times where the rate of coincidences is very small. Special tests were made in order to make sure th at the operation of the counter in the proportional region does not influence the length of the impulses on the Rossi valve. In spite of the fact th at there is no flat part on the counter characteristic in the proportional region, it was found th a t the changes of the sensitivity of the counter with the potential applied to it are fairly small; by using as a high-tension source for the counter the customary neon stabilizer, the sensitivity of the a-counter was found to remain practically constant (changes of 5 %) during a period of over a week.
The Geiger-Muller counters used for the detection of a-and /?-particles were of the same size. They were each made of a brass tube, 3 cm. in diameter and 7 cm. long, and provided with windows 2 x 4 cm., covered with mica of 1*5 cm. air equivalent. The counters were placed with their axes parallel and the windows facing each other; the distance between the axes was 4 cm. Between the counters was a shielding screen with a small aperture in which the source could be fixed. The source consisted of a thin-walled glass tube filled with radon. Measurements of the range of the a-particles issuing from the tube showed th a t the walls of the tube had a thickness of 2*75 cm. air equivalent. Under these conditions the a-particles from radium C' only were registered, the total air equivalent in the path of the particles being larger than the range of the a-particles from radon and radium A. An aluminium foil of 100 mg./cm.2 thickness, interposed between the source and the /^-counter, prevented the a-particles from reaching that counter, and also cut off almost completely the /?-rays from radium B.
The measurements consisted in counting the coincidence rate as a function of the length of the /^-impulse, the length of the a-impulse being kept constant a t 6 x 10~6 sec. However, in order to check the proper working of the circuit, the coincidence rate was also measured after each set of counting with reversed values of resistances, i.e. the length of the /^-impulse 6 x 10-6 sec. and of the a-impulse variable. In this latter case, the recorded coincidences are practically only chance ones (there is also a very small rate of genuine coincidences, corresponding to the resolving time 6 x 10-6 sec.). Since the total resolving time is in both cases the same, the difference between the two sets of counts gives a t once the genuine rate of coincidences (with the mentioned correction). The difference in the coincidence rate in the two cases is very striking; for example, with a length of the /^-impulse of 10-4 sec. and a-impulse 6 x 10-6 sec., the coincidence rate was 17 per minute, while with the resistances reversed it was only 1 per minute. Owing to the relatively high efficiency of the counters for a-and /?-rays, the total coincidence rate was very high, and amounted sometimes to over 250 per minute. In order to ascertain that the recording circuit does not miss coincidences at such a high rate, the experiments were extended to a period of over a week, during which the intensity of the source had decreased to less than a quarter of its original value. Typical examples of the results are given in table 1 which contains the measurements obtained with two different values of the length of the /^-impulse. The true coincidence rate Cg is corrected for decay of the source by calculating its value for that intensity of the source which gave 1500 a-particle counts per minute. It will be seen that for each set these corrected values 1500 x Cg/Na are constant within the experimental error, showing th at the behaviour of the circuit is satisfactory.
The final results are represented on figure 3, where the genuine coincidence rate-reduced to th at intensity of the source which gave 1500 counts per minute in the a-counter-are plotted against the length of the /^-impulse on the Rossi valve. Except for the small distortion at the beginning, which can be seen more distinctly on the graph with the larger scale, the curve shows a pure exponential increase. As will be shown in the next chapter, this exponential increase is defined by the disintegration constant of radium C'. From the curve we obtain thus th a t A = (4-78 + 0*16) x 103 sec.-1, or the half-life period of radium C' is T = (1-45 ± 0-05) x 10-4 sec. 
Determination of life period of radium C' from
In some nuclear processes it might be desirable to measure the time interval between the emission of a particle and the following y-quantum from the excited nucleus, or vice versa. I t is therefore of importance to test the method for the case in which y-rays are used. For this purpose the life period of radium C' was also checked by measurements of the delayed coincidences between the y-rays from the process RaC ->RaC' and the a-particles. Apart from the technical aspect, this particular problem is also of interest for the investigation of the level scheme of radium C\ The employed technique was much the same as in the case of ct-ficoincidences. Instead of the /^-counter a y-counter was used, consisting of a brass tube of the same dimensions and 1*1 mm. wall thickness; an additional aluminium screen of 4 mm. thickness was interposed between the counter and the source in order to absorb the hard /?-rays from radium C. Owing to the smaller efficiency of the Geiger counter for y-rays, the total coincidence rate was much reduced and the accuracy attained after the same period of experiment correspondingly less. The obtained results are represented in figure 4 . From the curve we calculate the value for the half-life period of radium C', T = (1*55 ± 0*20) x 10~4 sec., which is in good agreement with th at found from a-/? coincidences. The agreement in the value of the half-life period indicates that the y-rays arising in the process RaC ->RaC' are emitted immediately after the A-rays, or more strictly that none of the quantum levels of radium C' of a high excitation has a life period longer than 10~5 sec. A further conclusion may also be drawn from these measurements. The curve of figure 4 goes through the zero of the co-ordinates; this means that no y-rays of an appreciable amount are emitted simultaneously with the a-particles. The experiments in which the length of the y-ray impulse was constant and very short and the length of the a-impulse varied, showed that under those conditions all recorded coincidences were only chance ones; this leads to the conclusion th at no emission of y-rays follows the emission of a-particles within a period of 10"4 sec. We may therefore conclude th at no y-rays arise in the process RaC'->RaD, and consequently th at the radium D nucleus is always formed in its ground state. This conclusion is in agreement with the scheme proposed by Ellis (1934) .
Calculation of radioactive life period from coincidence measurements. The determination of radioactive life periods from coincidence measurements is based on the following considerations. Suppose th at the emission of a particle from a radioactive element results in the formation of a new radioactive element with a disintegration constant A. The probability th a t the product will disintegrate in the time interval between t and t + dt (counting the time since the disintegration of the first element) is A Hence the probability for the emission of a particle from the product during a time r, or the rate of expected genuine coincidences when the duration of the first impulse is r, is given by where Cmax is the maximum rate of coincidences, which is theoretically obtained with an infinitely long resolving time.
However, for technical reasons, the integral cannot be, taken from zero. Theoretical considerations, as well as the experiments of Dunworth (1939) , show that there exists a certain time lag between the moment when the particle enters the Geiger counter and the moment of occurrence of the drop of the potential of the wire, which marks the beginning of the electrical pulse. This time lag is obviously dependent upon the kind and size of the counter, the nature and pressure of the gas in it, and the value of the leak resistance. However, even with fixed conditions one may expect th a t the time lag will not be constant but will vary within certain limits. Thus if the duration of the electrical pulse is smaller than the difference in the duration of the time lags in the counters, it might happen th at the impulse produced in the circuit of the first counter will be finished before the impulse in the second circuit has started. In such a case the emission of two particles simultaneously or in a very short time interval will not be recorded, the coincidence will be missed. Consequently, in the above integral the lower limit should be not zero, but a variable time dependent D is c u s s io n upon, the occurrence of various differences in the time lags of the two counters. W ithout knowledge of the probability for the occurrence of various time lags, it is impossible to calculate this function. However, for practical purposes it will often be sufficient to assume a certain average difference in the duration of the time lags, r0, which will be of the same order of magnitude as the time lag itself. We obtain then
The rate of genuine coincidences is thus an increasing exponential function of the difference between the length of the first impulse and the average time lag. The exponential increase of Cg is shown in figures 3 and 4, from which we have calculated the value of A. The existence of the time lag is apparent on the first part of the curve in figure 3 , which is given also in a larger scale. I t can be seen th at the curve is, a t the be ginning, distorted from its exponential character. Drawing the curve through the experimental points we obtain the value of r0-the average time lag difference-as 3 x 10~6 sec. This value is in fair agreement with the figure obtained by Dunworth and with those deduced from theoretical considerations (May 1939; Montgomery and Montgomery 1940) .
Determination of-the absolute intensity of the source and the efficiencies of the counters. The determination of the maximum rate of coincidences in the RaC ->RaC' ->RaD process permits also measurements of the absolute strength of the employed source and the efficiency of the Geiger counters for the detection of the radiations. We shall denote by N the intensity of the source, i.e. the rate of disintegrations per unit of time, by ea, 6p, the efficiencies of the counters for a-and /?-rays (e includes also the solid angle). The rate of counting in each counter is then given by N^ -Ne^, Np=N6ff.
( 3)
Since the emission of each /?-ray from radium C is followed by the emission of one and only one a-particle from radium C', the maximum rate of coincidences will be^m ax. = Nea€ji = NaNp/N.
Measuring the values of Nx, Nfi, < 7max , we can from these equations calculate the other three values N, ea, e*.
The experimental values are Omax = 109 per min., for Na = 1500 per min., and NfiINa = < £ ' 08; we obtain therefore N = 715 particles per second, ea = 3-5 x 10-2, = 7*3 x 10"2.
It must be remembered that at the time of experiment the /^-counter was shielded with 100 mg./cm.2 of aluminium, in order to absorb the /tf-rays from radium B. By taking into account the absorption of the /?-rays from radium C in that foil and the y-rays recorded by the counter we calculate the efficiency of the ^-counter for /?-rays with no absorber, efi = 15-5 x 10~2.
Analogous calculations for the case of cc-y coincidences, where Om&x = 3*7 per min., give a value for the efficiency of the y-counter ey = 2-5 x 10~3. This is the average efficiency of the counter for the y-rays emitted in the process Ra C ->Ra C'.
The method of determination of the strength of the source from co incidence measurements represents a suitable and accurate method for measurements of the absolute intensity of weak sources. I t is worth while mentioning that the use of the radium C process is the most appropriate for this purpose, since the assumption on which it is based, th a t each /9-ray is followed by one a-particle, is quite certain; this is not the case when other nuclear processes are used as a basis. I t is also convenient and quick, owing to the high efficiency of the counter for a-and /?-rays. Once the efficiency of the /^-counter is determined by means of the radium C process, the absolute intensity of other sources can be very easily found.
Limits of application of the method. The use of the coincidence metho for measuring short life periods requires obviously th a t the resolving time of the circuit should be of the same order of magnitude as the measured time interval. The application of the method is limited however by factors other than the resolving time. As is evident from the preceding con siderations coincidences are missed when the resolving time becomes smaller than the time lag of the counter. The time lag will therefore define the lower limit of the fife periods measurable by this method. W ith the counters used in the present work the time lag was about 10~6 sec.; by some changes in the construction of the counters and circuits the time lag can be reduced by an order of magnitude. The lower limit may thus be set as 10-7 sec. The upper limit is defined only by the possibility of lengthening the impulse on the Rossi valve and could therefore be fairly high; here however the limit is defined by the rate of chance and cosmic-ray coincidences. W ith increasing resolving time the rate of chance coincidences becomes relatively more and more important. I f the experimental error has not to be too large, the rate of chance coincidences should not be greater than the rate of the genuine ones. From equations (1), (2) and (4), and by neglecting r 2, r0 and the natural background of the counters, we find th at Cc will be of the same order as if ~(1 -e~^T)/r. Therefore the strength N of the source must not be larger than A. But with a very weak source the absolute rate of coincidences is very small. For instance, for fife periods of 0*1 sec. the intensity of the source must not be larger than
